In X-ray imaging, a reduction of the field of view (FOV) is proportional to a reduction in radiation dose. The resulting truncation, however, is incompatible with conventional tomographic reconstruction algorithms. This problem has been studied extensively. Very recently, a novel method for region of interest (ROI) reconstruction from truncated projections with neither the use of prior knowledge nor explicit extrapolation has been published, named Approximated Truncation Robust Algorithm for Computed Tomography (ATRACT). It is based on a decomposition of the standard ramp filter into a 2D Laplace filtering (local operation) and a 2D Radon-based filtering step (non-local operation).
INTRODUCTION
Although CT technology reached its maturation in the past decade, some novel technology trends still have evolved and revitalized this field. Amongst these major tendencies, reduction in radiation dose without compromising the image quality has increased its utility in the diagnostic and therapeutic applications. In some clinical applications and workflows (e.g. examination of deployed stents or coils after the intervention, cochlear implants, and needle biopsy) only a small portion of the whole patient may be diagnostically of interest, which enables the idea of utilizing X-ray beam collimation to laterally and axially block radiation during CT examination. The resulting truncation, however, introduces artificial high frequencies in the vicinity of truncation edges, prohibiting accurate analysis in the reconstructions.
So far many practical algorithms specially concerning the ROI reconstruction have been proposed and established. Some methods [1] [2] [3] [4] [5] [6] [7] can provide exact or high accurate reconstruction for ROI imaging. But they require either a prior information in the object, or additional radiation dose, scans for determining patient outline. Some are even computational intensive and complicated, which may essentially delay the interventional procedures. Another category of ROI reconstruction is based on estimating the missing data using an extrapolation procedure, such as symmetric mirroring of projection images, 8 water cylinder/ellipse extrapolation, 9, 10 square root extrapolation, 11 or optimization-based extrapolation. 12 However, these methods are based on heuristic assumptions that may not always accurately approximate the objects outside the ROI.
Very recently, a novel method (ATRACT) has been suggested for ROI reconstruction from truncated projections with neither the use of prior knowledge nor explicit extrapolation. 13 In this method, the parallel-beam Radon transform and inverse Radon transform are performed in each projection, which is computationally expensive. To increase the computational efficiency, an optimization was suggested that Radon-based filtering can be substituted by a 2D convolution. 14, 15 Still the 2D filtering process is slower than the standard row-wise ramp filter. It is therefore our goal to simplify the filtering procedure of ATRACT without compromising its robustness with respect to truncated data.
MATERIALS AND METHODS

FDK Algorithm
Most contemporary X-ray C-arm CT systems employ the Feldkamp, Davis, and Kress (FDK) algorithm 16 due to its simplicity and efficiency. It typically consists of three steps: 1) Cosine and Parker weighting of the projections, 2) 1D row-wise ramp filtering of the pre-weighted projections, 3) 3D cone-beam backprojection.
2D ATRACT
Intuitively, the idea behind ATRACT is to adopt the FDK algorithm by decomposing the 1D ramp filter operation into two successive 2D filter steps. Therefore, the ATRACT algorithm can be written as follows: 1) Cosine and Parker weighting of the projections, 2) 2D Laplace filtering of the pre-weighted projections, 3) 2D convolution-based filtering of the second derivative projections, 4) 3D cone-beam backprojection.
1D ATRACT
The 1D ATRACT algorithm is also given by a modification of standard ramp filter in the FDK algorithm. It consists of the following steps: 1) Cosine and Parker weighting of the projections, 2) 1D Laplace filtering of the pre-weighted projections, 3) 1D residual filtering of the second derivative projections, 4) 3D cone-beam backprojection. The 1D residual filter kernel can be obtained by numerically computing the impulse response of the standard ramp filter coupled with the 1D inverse Laplace operation. The plot of the 1D numerical kernel is shown in Figure 1 . Note that the kernel has some non-negative components which seem to be incorrect. In the practical implementation, we need to filter out these values to ensure accuracy of the reconstruction. Figure 2 shows the comparison of the 1D ATRACT filtering and the ramp filtering in the case of truncated projections. We can see that high frequency artifacts are introduced by the ramp filter in the truncated projection. This will considerably degrade image quality in the reconstruction. In contrast, 1D ATRACT successfully excludes artificial high frequencies (removal of high spikes) after the Laplace filtering step, and subsequently performs the residual filtering to obtain the desired filtered projections. Moreover, because of the reduced computational complexity and less padding required in 1D FFTs, 1D ATRACT is expected to deliver an improvement in computational performance compared to 2D ATRACT. Unlike 2D Laplace filter that uses a five-point stencil, 1D Laplace filtering is only performed in a row-wise and thus resulting values of each row are independent on its two adjacent rows. This would result in total different magnitude in the border pixels of the rows even they are neighbouring. The following residual filtering will amplify these differences and cause obvious streaking artifacts in the borders of filtered projections. To overcome this problem, an additional smoother is carried out only in the two inner pixels of truncated edge so that magnitudes of the border pixels are no significant difference after the Laplace operation, as shown in Figure 3 .
Experiment Setup
The proposed algorithm was evaluated by the following data sets in terms of spatial resolution, computational efficiency and robustness of correction quality. All data sets contain 496 projection images (960 × 1240) with the resolution of 0.308 mm / pixel. Analogous to the 2D ATRACT algorithm, the new algorithm also suffers from a global volume scaling artifact. A correction of scaling and bias was performed to align the range of values between FDK and 1D ATRACT.
An open reconstruction benchmark (RabbitCT 17 ) was employed to analyze the computational efficiency of the new algorithm. It is an open benchmark for comparison of reconstruction performance using a high resolution C-arm CT data set of a rabbit.
To evaluate the spatial resolution of the reconstructions with the new algorithm, we used projection images of the linepair insert of the Siemens cone-beam phantom acquired on a C-arm system (Siemens AXIOM Artis). Two setups were considered: non-truncated projections and virtually cropped projections, as illustrated in Figure 4 .
To quantify the robustness of the algorithm in presence of data truncation, we used a clinical data set acquired on a C-arm system (Siemens AXIOM Artis) from St. Lukes Episcopal Hospital. The patient is a 76 year old female with left ICA (Internal Carotid Artery) aneurysm treated with a pipeline stent. Two setups are exemplarily shown in Figure 5 (a) and (b). We also investigated the performance of the 2D ATRACT method, and compared it to the new correction method. 3. RESULTS
Computational Performance
As seen in Figure 6 , 1D ATRACT is almost as fast as the ramp filter: Runtime is slightly increased by a factor of 1.1. Compared to the ramp filter, 1D ATRACT only has one addtional pre-filtering step, the Laplace filtering, which is computationally inexpensive. 2D ATRACT, on the other hand, is roughly 5.5 times slower than 1D ATRACT due to increased computational complexity and additional padding in 2D FFTs. Figure 7 shows the reconstructions of the line-pair phantom. The yellow arrows highlight the investigated line-pair insert that has a modulation of 1.8 lp / mm. The noise level of the given slices, estimated by computing the standard deviation within the yellow box, is 101.9 HU for the standard FDK reconstruction, and 103.6 HU for the 1D ATRACT reconstruction. The reconstruction results confirm that 1D ATRACT based ROI reconstruction yields, for the investigated insert, identical spatial resolution as the full FOV reconstruction by FDK. Note that 2D ATRACT was also demonstrated to yield the same spatial resolution as FDK. ring artifacts in the FOV are observed, which implies that high frequency artifacts are essentially suppressed by the two methods. At the same time, the portion of the patient inside the FOV are almost identical to the FDK reconstruction from full FOV scan. Further analysis is provided by the central profiles through the FOV of each reconstruction. Note that the differences between the FDK full FOV reconstruction and 1D/2D ATRACT based ROI reconstructions not only rely on the truncation artifacts, but also depend on the level of physical effects, such as X-ray scattering or polychromatic effects in the projections.
Spatial Resolution
SUMMARY
In this paper, we presented a novel method that adapts the ATRACT method in one dimension by decomposing the standard ramp filter into the 1D Laplace filter and a 1D convolution-based filter. The corresponding convolution kernel was numerically estimated by computing the 1D impulse response of the standard ramp filtering coupled with the 1D inverse Laplace operation. The proposed algorithm showed the improvement in computational performance due to reduced computational complexity and less padding required in 1D FFTs with respect to the native ATRACT algorithm. Furthermore, reconstructions of high accuracy were maintained by the new method even in presence of data truncation.
